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When a serum-deprived culture of Reuber hepatoma H-35 cells was stimulated by serum, cells proliferated synchronously 
showing a peak of pH]thymidine incorporation within 16 h and doubling of cell number within 24 h. A 5-10-fold increase 
of mRNAs of mitochondrial genes was observed prior to S-phase by Northern hybridization ftotal cellular RNA with 
cloned fragments of rat mitochondrial DNA as probes. In organelle transcription bymitochondria isolated from growth- 
arrested or growth-stimulated c lls suggested that he increase of mitochondrial mRNAs was mainly due to enhanced 
transcription. Less enhanced transcription was observed by treating the cells with dexamethasone, which causes transloca- 
tion of large amount of protein into mitochondria. The latter effect was counteracted by insulin. 
Mitochondrial gene; Transcription; Dexamethasone; (R uber hepatoma H-35) 
1. INTRODUCTION 
Human [1], mouse [2] and bovine [3] mitochon- 
drial DNAs are sequenced completely. They have 
a common organization of 22 tRNAs, 2 rRNAs 
and 13 open reading frames. Proteins encoded by 
these open reading frames have been identified [4]. 
The mammalian mitochondrial genome lacks in- 
tervening sequences and is transcribed as a 
polycistronic message from H- and L-strand pro- 
moters present in the D-loop region [5]. For the 
precise initiation of the transcription, a transcrip- 
tion factor (TF) is important [6] in addition to a 
RNA polymerase [7]. In subsequent processing of 
the polycistronic message, tRNA sequences are 
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considered to serve as punctuation signals of 
rRNA and mRNA [8]. 
Comparing with the extensive knowledge about 
the structure of mammalian mitochondrial genes 
and the mechanism of their transcription, relative- 
ly little is known about its regulation. The number, 
size and morphology of mitochondria are different 
in every type of differentiated cells. Copy number 
of mitochondrial DNA per cell is constant over 
repeated generations of a given type of mammalian 
cells. These observations suggest that the 
biogenesis of mitochondria is strictly regulated 
during the course of differentiation and prolifera- 
tion, but little is known about the mechanism of 
such regulation. This may be partially due to the 
lack of an experimental system in which marked 
changes in mitochondrial gene transcription can be 
easily reproduced. Williams and co-workers [9,10] 
found an enhanced expression of the mitochon- 
drial Cyt b gene by contractile activation of 
skeletal muscle, but this in vivo system is not 
suitable for further analysis of the regulatory 
mechanisms involved. Edwards and Denhardt [11] 
found decreased levels of certain mitochondrial 
poly(A) + RNAs after growth stimulation of 
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murine fibroblasts, but they could not demonstrate 
any change in the rate of mitochondrial gene 
transcription. The result was similar in another 
type of normal cells (FR3T3 cells) when 
Glaichenhaus et al. [12] estimated the level of 
mRNA for subunit II of cytochrome oxidase (Cox 
II). However, after transformation f FR3T3 cells 
by polyoma virus DNA, a 5-10-fold increase of 
mRNAs encoding mitochondrial genes was found 
[12]. 
In this communication, wereport hat transcrip- 
tion of mitochondrial genes in a hepatoma cell line 
(Reuber hepatoma H-35) is enhanced during 
growth stimulation by FCS. This enhanced 
transcription seemed to be coincident with a 
stimulated expression of c-myc and c-fos in H-35 
[13]. In this hepatoma cell line, treatment with 
glucocorticoid was also effective in enhancing 
mitochondrial gene transcription. These results 
suggest that manipulation of culture conditions of 
transformed cells is an appropriate in vitro system 
for the analysis of the transcriptional regulation i  
mammalian mitochondria. 
2. MATERIALS AND METHODS 
MEM from Nissui Pharmaceutical Co. (Tokyo), FCS from 
M.A. Bioproducts (WalkersviUe) and dishes from Nunc 
(Roskilde) were used for cell culture. Dex, insulin (Sigma, St. 
Louis), creatine kinase, BSA (molecular biology grade; Boeh- 
ringer, Penzburg), DE81 filter paper (Whatman, Maidstone), 
nylon membrane (Pail Ultrafine Filtration Corp., Glen Cove) 
and restriction enzymes (Takara, Kyoto) were used. 
[methyl-3H]Thymidine (25Ci/mmol), [32p]dCTP (3000 Ci/ 
retool), [5,6-3H]UTP (60 Ci/mmol) and [32p]UTP (400 Ci/ 
mmol) were from Amersham (Buckinghamshire). Wistar rats 
were from Shizuoka Laboratory Animals Agricultural Co. 
Assoc. For dye-binding assays of protein, a kit from Bio-Rad 
(Richmond) was used. All other reagents were of the highest 
quality commercially available. 
2.1. Cell culture 
Reuber hepatoma H-35 (H4-11-EC3) cells, provided by Dr 
L.I. Pizer (University of Colorado, Denver), were maintained 
as described [14-16]. To prepare growth-arrested c lls, 
30-40% confluent cultures were serum-deprived for72 h. Syn- 
chronous growth of arrested calls was triggered by adding 10% 
FCS. [3H]Thymidine incorporation during synchronous growth 
was followed by incubating the cultures on 96-well plates with 
50 ~1 of MEM containing 1/~Ci of [methyl-3H]thymidine for 
1 h. To follow cell number during synchronous growth, another 
series of cultures on 96-well plates were used. Synchronous 
culture on a 140-mm dish was prepared for each extraction of 
RNA. Isolation of mitochondria for in organelle transcription 
was started from cultures on six 140-mm dishes, which were 
serum-deprived for72 h or growth stimulated by FCS for 12 h. 
For hormone treatment, sub-confluent cultures on 140-mm 
dishes were incubated in MEM containing 1/~M Dex and/or 
0.2/zM insulin for 12 h. NRK cells provided by Dr K. Takimoto 
(Yamaguchi University, Yamaguchi) were cultured as above, 
except that 0.5% FCS was added to the medium for growth ar- 
resting. 
2.2. Cloning of rat mitochondrial DNA fragments 
Rat liver mitochondria-were isolated by differential cen- 
trifugation [17]. DNA was extracted by the SDS-phenol method 
[18] and its purity was checked by agarose electrophoresis. 
Wistar rats used for this preparation were found to have D type 
of mitochondrial DNA [19]. The BamHI-HaplI fragment span- 
ning Cyt b and ND6 genes [20], HindlII-PvulI fragment in Cox 
I gene [21], and HindllI-SaclI fragment in 16 S rRNA gene [22] 
were ligated into pUC19. [32p]dCTP labeled probes were 
prepared by nick-translation [23] of these plasmids. 
2.3. Northern hybridization 
Total cellular RNA was extracted from H-35 cultures as 
described [24]. Electrophoresis of total RNA (10/~g) on 1.4% 
agarose gel was done after denaturation [25]. RNA was trans- 
blotted onto a nylon membrane and hybridized with [32p]dCTP 
labeled probes as described [26]. 
2.4. In organelle transcription 
Mitochondria were isolated from H-35 cultures (5 x 107 cells) 
by the method of Tapper et al. [27]. The reaction mixture con- 
tained isolated mitochondria (10 mg protein/ml), 40 mM Tris- 
HCI (pH 7.5), 25 mM NaCI, 5 mM MgCI2, 2 mg/ml BSA, 20% 
glycerol, 10 mM Na2HPO4, 0.2 mg/ml creatine kinase, 2 mM 
ATP, 1 mM CTP, 1 mM GTP, 5 mM creatine phosphate, and 
4 mM pyruvate in a total volume of 50/L1. The reaction was in- 
itiated by adding carrier-free [32p]UTP or [3HIUTP (0.2 or 
0.3 mCi/ml, respectively). To estimate background radioactivi- 
ty, 0.1 mg/ml EtBr was added in control assays. An aliquot of 
reaction mixture corresponding to 10/d was mixed with I/~l of 
20% SDS with 10 min intervals, potted onto DE81 filter paper, 
and the radioactivity on filters remained after extensive washing 
was counted. For the analysis of transcripts by electrophoresis, 
the reaction mixtures were centrifuged and RNA was extracted 
from packed mitochondria s described above. After elec- 
trophoresis of denatured RNA as above, autoradiography of 
wet gels was taken. 
3. RESULTS 
H-35 is known to grow in response to insulin 
contained in serum. Growth of the cells is arrested 
in the early GI phase in its absence, and syn- 
chronous growth can be triggered by low concen- 
tration of insulin [28]. In order to study the 
regulation of mitochondrial gene expression 
depending on cell proliferation, we took advantage 
of this characteristic of H-35. When growth- 
arrested cells were stimulated by FCS, a sharp in- 
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crease in [3H]thymidine incorporation was ob- 
served after 8 h, reaching a peak within 16 h 
(fig.l). The cell number doubled 24 h later, in- 
dicating that a cell cycle had been completed within 
this period (fig. 1). To know the levels of RNAs en- 
coded by mitochondrial DNA during cell prolifera- 
tion, total cellular RNA (10/~g) was separated by 
electrophoresis and hybridized with radiolabeled 
DNA probes having the sequences of 16 S rRNA, 
Cyt b-ND6 and Cox I (fig.2A). A marked increase 
in the levels of both Cyt b and Cox I mRNAs was 
observed 6 h after the addition of FCS and they 
reached a plateau within 9-12 h. Densitometry of
the autoradiogram showed a 5-10-fold increase. It
is worth noticing that this increase was observed 
prior to S phase, when the cells needed a large 
supply of energy. Hybridization with the DNA 
probe coding for Cyt b-ND6 also gave a weak band 
with a migration distance corresponding to ND6 
mRNA (not shown). The density of this band was 
also increased by growth stimulation, but the 
signal was too weak to quantify the increased level. 
Another interesting observation i fig.2A was that 
the level of 16 S rRNA remained unchanged. Mon- 
toya et al. showed two distinct promoters for in- 
itiating the transcription of H-strand: the upstream 
promoter can lead to termination atthe 3'-end of 
the 16 S gene, while initiation from the 
downstream promoter results in an entire 
polycistronic message [29]. The results in fig.2A 
suggest that the initiation from the two promoters 
is regulated unevenly by the growth stimulation. 
However, an unchanged pattern of in organelle 
transcripts produced by mitochondria from 
growth-arrested and growth-stimulated cells (see 
below) suggested that this is not the case. The un- 
changed level of 16 S rRNA may reflect abundance 
and stability of mitochondrial rRNAs. 
In experiments not shown, we estimated the 
levels of Cyt b and Cox I in NRK cells under 
similar conditions. In these normal cells, however, 
we could not observe a marked increase of these 
mRNAs after stimulating the cells with FCS. 
In order to confirm that the increase in the levels 
of mRNAs coded by mitochondrial genes is due to 
an enhanced level of transcription, we studied the 
transcription i organelle mploying mitochondria 
isolated from growth-arrested or growth- 
stimulated H-35. As shown in fig.2B, mitochon- 
dria from growth-stimulated H-35 had higher 
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Fig.1. Synchronous growth of serum-deprived H-35 triggered 
by FCS addition. H-35 cells plated on 96-well plates were 
serum-deprived for 72 h and synchronous growth was 
stimulated by adding 10% FCS. Incorporated [3Hlthymidine 
(e) and cell number (A) were counted. Incorporated 
[3Hlthymidine p r cell is also indicated (©). 
transcriptional ctivity than those from growth- 
arrested cells. Based on the same amount of 
mitochondrial protein and taking the reaction at 
10 min as a comparison, the transcriptional ctivi- 
ty was 4-fold higher in growth-stimulated cells. 
This result demonstrates that the increase of 
mitochondrial mRNAs was mainly due to en- 
hanced transcription. On the autoradiograms of
transcripts in organelle separated by elec- 
trophoresis, the density of each band increased 
proportionally after growth-stimulation (not 
shown). This result suggests that transcription 
from all mitochondrial promoters was enhanced in
parallel depending on the growth stimulation. 
Reflecting the function of hepatocytes in 
metabolic regulation, H-35 retains the ability to 
respond to many hormones. We demonstrated that 
the synthesis of carbamoyl-phosphate synthetase I 
(CPS-I) in H-35 is markedly stimulated by 
glucocorticoids and suppressed by insulin [14-16]. 
CPS-I is synthesized on cycloheximide-sensitive 
ribosomes [30] and is translocated into mitochon- 
dria in subsequent s eps [31]. CPS-I is the major 
mitochondrial protein in H-35, accounting for 
more than 30°7o of total mitochondrial proteins 
[14]. Due to stimulated translocation of CPS-I and 
other enzymes into mitochondria, the amount of 
mitochondrial proteins of H-35 increased 1.3-fold 
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Fig.2. Enhanced transcription of mitochondrial genes by 
growth stimulation of H-35. (A) Total RNA was extracted from 
H-35 at the times indicated after growth stimulation with FCS. 
RNA corresponding to 10/zg was electrophoresed on a 1.4% 
agarose gel, trans-blotted ona nylon membrane, and hybridized 
with [32P]dCTP-labeled probes. (B) Activity of transcription i  
organdie was assayed employing mitochondria solated from 
growth-arrested (e)or from growth-stimulated (A) H-35 cells. 
To estimate background radioactivity, 0.1 mg/ml of EtBr (©) 
was added to the control assay. 
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Fig.3. Effect of dexamethasone and insulin on mitochondrial 
gene expression i H-35. (A) Total RNA was extracted from 
H-35 treated with none (N), Dex (D), insulin (I), or Dex plus 
insulin (DI) for 12 h. (B) Activity of transcription i organdie 
was assayed employing mitochondria isolated from H-35 
treated with none (o) or Dex (A) for 12 h. Other details were 
the same as in fig.2. 
after Dex treatment [14]. In such a situation, it is 
likely that the biogenesis of mitochondria is 
stimulated so as to expand their capacity of accep- 
ting these proteins. As shown in fig.3A, a slight 
but definite (1.5-2-fold) increase in the levels of 
Cyt b mRNA, Cox I mRNA and 16 S rRNA was 
observed by treating the cells with Dex for 12 h. 
This increase seemed to be counteracted by insulin 
(fig.3A). In contrast with the results after growth 
stimulation (fig.2A), the levels of the two mRNAs 
and 16 S rRNA changed virtually in parallel after 
hormone treatment. These results suggest a dif- 
ferent mechanism in hormonal regulation. Based 
on the same amount of mitochondrial protein as a 
comparison, mitochondria from Dex-treated H-35 
showed a slightly higher transcriptional ctivity in 
organelle than those from control cells (fig.3B). As 
mentioned above, Dex caused an increase of 
mitochondrial protein of H-35 by 1.3-fold. This 
suggests that the transcriptional activity per 
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mitochondrion is more stimulated by Dex than we 
see in fig.3B. 
4. DISCUSSION 
We found that transcription of mitochondrial 
genes in ahepatoma cell line is enhanced by growth 
stimulation. The expression of mitochondrial 
genes was enhanced prior to S-phase, when the 
cells needed a large supply of energy for prolifera- 
tion. Considering the fact that initiation of L- 
strand transcription provides the primer for the 
replication from Ou [32], enhanced transcription 
by growth stimulation may be important for 
mitochondrial proliferation as well. The 
stimulative ffect of Dex on mitochondrial gene 
expression may be relevant o this, because Dex 
stimulates translocation of large amount of pro- 
teins into mitochondria of H-35 [14], and demands 
biogenesis of their destination. 
Possible mechanisms of enhanced transcription 
of mitochondrial genes are" (i) the expression of 
genes encoding mitochondrial RNA polymerase 
and/or TF is regulated at the nuclear genome level 
and the amount of these proteins determines the 
transcriptional ctivity after their translocation i - 
to mitochondria, or (ii) RNA polymerase and/or 
TF have active and inactive forms and this inter- 
conversion is somehow regulated by cellular pro- 
liferation or by the amount of proteins 
translocated into mitochondria. In order to ex- 
plore this mechanism, we may need a cell-free 
transcription system from H-35 mitochondria. 
In normal cells such as murine fibroblasts [11] 
and FR3T3 cells [12], expression of mitochondrial 
genes did not change remarkably depending on cell 
proliferation. It was also the case in our experi- 
ment with NRK cells. Glaichenhaus et al. [12] 
found that the steady-state level of mitochondrial 
mRNA encoding Cox II increased 5-10-fold in ful- 
ly transformed FR3T3 ceils after transfer of 
polyoma virus DNA, and also in immortalized cell 
lines established by transfer of pit (polyoma large 
T antigen), E1A (adenovirus) and myc oncogenes. 
Taub et al. [13] reported that the induction of c- 
myc and c-fos expression in H-35 depends on 
growth stimulation with insulin. It is worth notic- 
ing that the enhanced transcription f the 
mitochondrial gene coincides with stimulated ex- 
pression of nuclear oncogenes. From this aspect, 
H-35 is an attractive system for analyzing interac- 
tion between uclear and mitochondrial genomes 
during cell proliferation. 
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